Manufacturing offers many opportunities for reducing environmental impact, utilizing resources more efficiently and, overall, greening the technology of production. These opportunities are most often related to process, machine or system improvements that impact only the operation of the process, machine or system. But, there is more potential in manufacturing enhancements to have a larger impact on the life cycle impact of the product the manufactured item is used in. This is referred to as "leveraging" and several examples of this are given, along with definitions of the fundamental terms. The potential for leveraging in manufacturing to have an impact on sustainable manufacturing and some future requirements are described.
INTRODUCTION
Manufacturing offers many opportunities for reducing environmental impact, utilizing resources more efficiently and, overall, greening the technology of production. These opportunities are most often related to process, machine or system improvements that impact only the operation of the process, machine or system. But, there is more potential in manufacturing enhancements to have a larger impact on the life cycle impact of the product the manufactured item is used in. This is referred to as "leveraging" and identifies manufacturing-based efficiencies in the product that are due to improved manufacturing capability but which, in the long run, have their biggest effects on the lifetime consumption of energy or other resources or environmental impacts.
First, what is meant by the term "leveraging"? We understand a lever to be a device to increase mechanical advantage, as a bar used with a fulcrum to pry a heavy load allowing a larger load to be moved than with simple force alone. Leveraging is used as a transitive verb, usually in financial discussions such as [1] :
"The use of credit or borrowed funds to improve one's speculative capacity and increase the rate of return from an investment."
The general idea is to employ resources in such a way as to insure a larger return on the effort (or in financial terms, money) than might otherwise be realized.
How does this relate to manufacturing? And, in specific green manufacturing? This will depend on the component being manufactured by a machine or process and its eventual use in a product. This paper will first provide some definitions so that the use of terms like green manufacturing, sustainable manufacturing, etc. will be understood. Then, the concept of leveraging manufacturing will be explained and several examples of will be given of situations that provide leveraging along with some that do not. Finally, future directions in sustainable manufacturing driven by leveraging are suggested.
BACKGROUND AND TERMINOLOGY

Green and sustainable
The familiar Brundtland Commission definition of sustainable development -"Sustainable development is development that meets the need of the present without compromising the ability of future generations to meet their own needs" [2] does not really speak to manufacturing but makes the key point that we need to at least "do no harm." The US Department of Commerce defines sustainable manufacturing as "the creation of manufacturing products that use materials and processes that minimize negative environmental impacts, conserve energy and natural resources, are safe for employees, communities, and consumers and are economically sound" [3] . We define green manufacturing here as a first step towards sustainability.
These first steps were proposed as green manufacturing "technology wedges" in [4] after a concept proposed by Pacala and Socolow [5] to address the big gap between the present trajectory and impact of CO2 on the atmosphere (business as usual -BAU) and a sustainable level -and how to close this gap in 50 years. They argued that, rather than trying to find one solution to correct this increasing mismatch between what is required and what is being done, we should concentrate on "technology wedges" -small advances and improvements that, when added up, have the effect of a large change.
These wedges make a lot of sense in the context of manufacturing and sustainability. We can visualize sustainability as a relationship between consumption or impact as part of normal business practice compared to a "sustainable level." For example, in California we store rainfall during the winter months as snow in the Sierra Nevada mountains. The amount of snow determines the amount of water we have to use in the next season for residential, commercial and agricultural use. If we use water at a rate that will exhaust the supply before the next rainfall -that is not a sustainable situation. We are using too much and should find a way to conserve or reduce usage. We could make the same argument for impact, for example, green house gas generation. The atmosphere has a certain capacity to accommodate green house gases. Exceeding that risks a build up that will endanger future generations according to the predictions of atmospheric scientists.
We can illustrate this as seen in Figure 1 below, from [6] . The figure illustrates the normal trend of consumption or impact over time. A small reduction of either one results in a reduced rate of impact but does not provide enough change to achieve a sustainable situation. The application of technology wedges to, collectively, bridge the gap between present rate of consumption or impact and a sustainable level is illustrated with the green triangles. With sufficient wedges, the gap can be closed. It is our role of manufacturing researchers to develop the wedge technologies. Individual wedges might be considered as "green" manufacturing steps. If there are sufficient greening steps we can achieve sustainable manufacturing.
Tracking progress
To insure that real progress is being made it is necessary to define metrics to measure change. Recall the "master equation" for impact attributed to John Holdren and Paul Ehrich [7] . This equation, sometimes referred to as IPAT, defines human impact (I) on the environment as the product of population (P), affluence (A, measured as GDP/capita), and technology (T, measured as impact per unit of GDP). Manufacturing has its impact on the T part of the equation -the impact per unit of technology. This is the impact per GDP of manufactured products. By reducing that impact, we start to "bend the curve" of the consumption or impact curve seen in Figure  1 .
The challenge is to come up with technology wedges that will reduce the T part of the équation at a rate sufficiently fast to offset population growth while at the same time make a dent in the impact that is already too high.
Metrics are used by engineers for analyzing information and data to enable better decision making, including trade-offs among several alternatives, and for design. For green manufacturing these metrics could include:
 Global warming gas emission (e.g. CO2, methane To be able to understand the effect of the improvement or change being measured, these can be represented in terms of a "return on investment" -for example, greenhouse gas return on investment (GROI). Other forms of return measure include: Then, a measure of the change in the T term of the impact équation can be determined.
For green manufacturing these need to be linked to traditional design and manufacturing parameters. And they need to be assessed over all three scopes of ISO 14064 (1-direct emissions from on-site or company owned assets, 2-indirect emissions created on behalf of the company from energy generation or supply, 3-all others resulting from business operation including business travel, shipping of goods, resource extraction and product disposal).
Leveraging
We can define two different classes of leveraging of manufacturing. The difference is due to the magnitude of the impact. That is, whether it impacts only the performance of the manufacturing process, machine or system or whether it impacts the performance of the product resulting from the application of the process, machine or system. An additional distinction must be made for products used in manufacturing -for example, machine tools.
In the case of an improvement, say in energy consumption of a process, we would require that, at minimum, the "cost" of the improvement (in embedded energy, carbon footprint, etc.) would be more than offset but the reduction in energy consumption or carbon footprint in operation of the "improved" process. This is the basic definition of energy payback or green house gas return on investment. The magnitude of the impact reduction can be measured simply by knowing the number of manufactured products coming from the process over the life time of the process. This is a minimum amount of leveraging for any contemplated process improvement to insure that we are making progress.
A second, more impressive, leveraging is due to process (or machine or system) improvements that have an inordinately high ability to reduce the impact of the product of the manufacturing operation (or machine or system) over the lifetime of the product use. The original process improvement may not have been made as part of a greening analysis of the process but is due to the introduction of new technology, machine capability or materials. It is this second type of leveraging that is likely to have the greatest potential for reducing the T term in the impact equation -making a larger than normal reduction in the product impact/GDP during the product's life time.
Why this distinction is important is discussed in the next section.
WHY LEVERAGING IS IMPORTANT
Does manufacturing matter?
The base of this discussion is an assessment of whether or not manufacturing is a significant component of energy and resource consumption and the impact from this consumption, and, then, whether or not changes in manufacturing can really help overall. A review of all the data, pie charts and discussions about how much
